This paper deals with a procedure to optimize the design of permeable reactive barrier (PRB) built with activated carbon for the in situ remediation of a polluted aquifer. A simulation-based heuristic procedure is developed to define, with an iterative procedure, the optimal position and geometrical dimensions of the barrier itself, which simultaneously assure the respect of pollutant concentration limits and minimum barrier size. A computer code is used to describe the field motion of the aquifer, the contaminant transport and the adsorption phenomena occurring inside the barrier. A real aquifer polluted by tetrachloroethylene (PCE) situated in the area north of Naples (Italy) is presented as a case study. Simulation results show that a PRB formed by sections of different width, tuned to the different values of PCE concentration in the plume, can assure an effective remediation of the site.
INTRODUCTION
The accidental discharge of hazardous compounds can seriously alter the natural properties of groundwater; in addition, the contamination could extend to a very large area by diffusional and convective transport mechanisms. Among the common sources of contamination, the discharge of leachate from solid-waste landfills can cause a severe deterioration of groundwater quality as several compounds, both organic and inorganic, are simultaneously released (Kjeldsen et al. 2002; Jun et al. 2009 ).
Groundwater remediation is a very complex operation and different approaches can be used to perform an effective treatment of the contaminated water. The most traditional technique is carried out ex situ with the Pump and Treat (P&T) technology, characterized by good efficiency but high operational costs (Minsker and Shoemaker 1998) . In the past decades, few in situ technologies have been also proposed, including non-ionic surfactant-enhanced flushing (Lee et al. 2005; Qin et al. 2007) , biodegradation in an immobilized cell airlift bioreactor (Pour et al. 2005) , permeable reactive barriers (PRBs; USEPA 1998; Komnitsas et al. 2006; Li et al. 2006; Di Natale et al. 2008; Bortone et al. 2013) in some cases in the funnel and gate configuration (Czurda and Haus 2002; Lorbeer et al. 2002) . In particular, PRBs represent an effective alternative to classic groundwater remediation methods, owing to their low operational and maintenance costs, often characterized by very high volumes and low pollutant concentrations. Moreover, the use of activated carbon (AC) as a barrier building material has attracted attention, because of the peculiar properties of AC, such as good adsorption capacity and non-selectivity (Lorbeer et al. 2002; Di Natale et al. 2008) .
The remediation of a polluted site is a very expensive process, and therefore, a careful design based on the knowledge of both specific site hydrology and contaminant plume characteristics is necessary. Moreover, the optimization of process parameters is a mandatory step to make the entire procedure cost-effective and widely applicable. In recent years, computer codes have been developed to describe groundwater and contaminant transport for the determination of the optimal remediation strategy. Several optimization strategies applied to the P&T technology have been developed to minimize the operational costs (Matott et al. 2006; Mategaonkar and Eldho 2012) , using either time-invariant (Wang and Ahlfeld 1994; Guan and Aral 1999; McKinney and Lin 1996) or time-varying optimization techniques (Minsker and Shoemaker 1998) . They are based on linear and non-linear programming techniques and are mainly aimed at finding the best strategies to identify the most suitable number and location of wells, and to define the optimal pumping rates at each well. Other simulation-based optimization procedures for groundwater remediation rely on genetic algorithm (Hsiao and Chang 2002) , fuzzy logic (He et al. 2008 ) and statistical inference techniques (He et al. 2009 ), and are also aimed at identifying the optimal strategies from a number of alternatives (Lu et al. 2007 ). These studies, which mainly focussed on P&T and surfactant-enhanced flushing remediation techniques, demonstrate that simulation and optimization are effective tools for supporting decision makers in groundwater remediation design. However, there are still few case studies in the literature about optimization of the groundwater remediation with PRBs (Guerin et al. 2002; Higgins and Olson 2009) ; in these studies, simulation-based empirical approaches to barrier design are used.
The design of a PRB for a polluted aquifer, for which a hydraulic, geotechnical and contaminant characterization has been previously performed, mainly includes the definition of the barrier location, orientation and dimensions. A good design is essentially time invariant, because once the PRB is dimensioned and positioned, the strategy is unchangeable during the entire remediation process. Design choices are very important, and a good compromise between technical and economic issues has to be found. A PRB design is very complex and may be time consuming because it must consider the natural motion of groundwater and pollutant as well as all the reactive or adsorption processes occurring inside the barrier (Di Natale et al. 2008) .
Many commercial computer codes can be used to support PRB design, but specific dedicated software has not been developed yet. Several hydrodynamic codes, such as FEFLOW 5.3 by WASY GmbH (Trefry and Muffels 2007), PMWIN by the U.S. Geological Survey (McDonald and Harbaugh 1988; Chiang and Kinzelbach 1996) , ChemFlux by SoilVision (Fredlund 2006) , allow one-, two-and three-dimensional calculation to simulate groundwater flow, contaminant transport and some generation/consumption pollution processes (dissolution, biodegradation, adsorption, etc.) . Although they can be used to describe the fate of the pollutant crossing the barrier, none of them allows for barrier-design optimization. Indeed, these types of software can be used only for preliminary PRB sizing, and a trial-and-error procedure is required to define the barrier dimensions and the chemical characteristics of the barrier-adsorbing material. Furthermore, the modelling scales of transport and adsorbing processes are very different. In fact, the thickness of a barrier can be very small when compared with dimensions of the surrounding aquifer and with the distance from the pollution source; hence, the computational time of contaminant transport can be much longer than the permanence time of the contaminant inside the barrier. For these reasons, simultaneous modelling at a small and large scale, in time and space, cannot be approached by direct computation in a unique simulation framework and separate simulations are often necessary. Therefore, in PRB designs, a less-than-exact optimization procedure can be helpful to support designers.
In this study, a simulation-based heuristic optimization was proposed to define the position and dimensions of a PRB built with AC and to minimize its fixed costs, which are proportional to the barrier volume.
The heuristic optimization procedure is based on the use of a commercial code for pollutant transport simulation (PMWIN) and on a Visual Basic Application code, accounting for adsorption phenomena inside the barrier .
The entire methodology was applied to the remediation of a real site in an area north of Naples (Italy), in which groundwater is polluted by tetrachloroethylene (PCE). Eventually, the PCE concentration was evaluated over a wide lapse of time and the efficacy of PRB in site remediation, in its optimal configuration, was demonstrated; in addition, we also compared the obtained results with those of a previous study ).
PRB DESIGN
In a PRB treatment, the barrier is commonly built with a reactive material having a higher hydraulic conductivity than the surrounding soils , to ensure that the contaminated groundwater is forced to pass through the barrier itself, moving under the natural hydraulic gradient. The mechanism of action of a PRB depends on the reactive material chosen to build the barrier. The material usually chosen for remediation of chlorinated organic compounds is zero-valent iron (Moore and Young 2005; Lai et al. 2006; Beaulieu and Ramirez 2013) , in which the pollutants undergo a series of reduction reactions to achieve a complete degradation. These reduction reactions may induce solid precipitation, which can wear the barrier and seriously affect its removal efficiency, decreasing its porosity and conductivity. Sorbent materials were shown to be a valid alternative to the use of zero-valent iron (Czurda and Haus 2002; Lorbeer et al. 2002; Ake et al. 2003) . In fact, the removal of chlorinated organic compounds, such as PCE, from polluted water and wastewater can be efficiently achieved with an adsorption process that combines process efficiency and configuration simplicity . As adsorption take place, the pollutant is removed from the groundwater and immobilized into the barrier, avoiding precipitation phenomena. Several sorbents can be used for the removal of organic compounds, including coal combustion ash, natural materials such as zeolites or soils or waste materials, as well as industrial slag or agriculture by-products (Balsamo et al. 2012 (Balsamo et al. , 2013 ; however, industrial ACs appear to be an optimal solution . Industrial ACs show much greater adsorption capacities, and can therefore be used in lower amounts to build the barrier, thereby minimizing the in situ intervention. Moreover, ACs are almost unselective and can be suitable for the remediation of aquifers simultaneously contaminated by several pollutants .
The preliminary step of a PRB design for the remediation of a polluted aquifer is a thorough site characterization (hydraulic and geotechnical properties), including the assessment of contaminant distribution (evaluation of contaminant plume). The barrier properties (location, orientation, dimensions and barrier material) susceptible to capture the pollutant plume are then evaluated. The design process is complex and the direct calculation approach can be very complicated and, even if a way to simplify it was developed and proposed by some authors (Rabideau et al. 2005; Craig et al. 2006 ), a heuristic iterative procedure can be more conveniently applied.
The PRB properties have to be chosen in advance and then it is necessary to check whether they allow for the thorough pollutant capture during the whole lifetime of the barrier. Moreover, as a final result, the minimum dimensions of the barrier have to be identified for it to be cost effective. To pre-define PRB properties, the following general criteria can be taken into account:
• Position: The barrier has to be the closest possible to the pollutant plume.
• Orientation: The barrier has to be orthogonal to groundwater flow lines, to avoid overflowing plume episodes, to have the same residence time of fluid inside the PRB and to ensure the minimum dimensions of the barrier itself ). • Length and height: Equal to the corresponding pollutant plume dimensions.
• Thickness: To be chosen considering that the residence time of the contaminated flow travelling through the barrier should be long enough for adsorption process to take place; therefore, the barrier thickness must satisfy the following inequality:
(1)
where W is barrier thickness, u b represents groundwater flow velocity through the barrier, k c the overall mass-transfer coefficient for adsorption and a represents the external specific surface of adsorbent particles.
Modelling Equations
The contaminant motion in a porous medium is due to advection-dispersion processes (Bear 1979) ; therefore, considering a three-dimensional system, the dissolved pollutant mass balance equation may be written as follows:
(2)
In equation (2), C represents the pollutant concentration in fluid, ū the unit flux vector, n s the soil porosity and R is a pollutant source (positive) or sink (negative) term. The hydrodynamic dispersion coefficient D h can be shown to be a second-rank tensor expressed as (3) In equation (3), D is the tensor of mechanical dispersion and D * d is the coefficient of molecular diffusion (a scalar).
The unit flux vector ū in equation (2) can be determined by the application of Darcy equation, written as (4) where K sat is the hydraulic conductivity and ∇ h is the hydraulic load gradient vector. The hydraulic load can be calculated starting from the Laplace equation (5) that can be integrated with appropriate boundary conditions. Nardo et al./Adsorption Science & Technology Vol. 32 No. 2&3 2014 In equation (2), R corresponds to the adsorption occurring into the barrier because the groundwater flow can be considered as steady, and there is no volumetric sink (leakage, infiltration, evaporation, biodegradation, etc.) . This term can be expressed as follows: (6) In equation (6), ω represents the pollutant concentration on solid, ρ b the dry adsorbing material bulk density, n b the barrier porosity and C* = C*(ω) is derived from the adsorption isotherm and defines the mass-transfer driving force in the transport model equations. For this purpose, the properties of the adsorbing material and the adsorption isotherms of the pollutant on the selected activated carbon should be known or they have to be measured in dedicated laboratory tests.
With regard to the initial conditions, the initial pollutant liquid concentrations are determined, and the corresponding solid concentrations are assumed to be zero throughout the entire flow domain.
The boundary conditions are as follows:
where X, in a coordinated system with x axis parallel to groundwater flux direction, is the distance between the barrier and the western boundary of the polluted domain, and Y is the extension of the domain in y direction.
Heuristic Procedure for the Optimization of PRB Size
The heuristic procedure for barrier design starts with the definition of the size of the calculation domain. This has to be large enough to include the whole pollutant plume and longer than the plume itself along the direction of the natural groundwater flow. The calculation grid (i.e. the dimensions of one three-dimensional calculation cell) must then be chosen, also considering that larger domains or smaller calculation cells produce more precise results; however, the calculation is more time consuming. Barrier properties can be defined by evaluating the evolution in time of the pollutant plume in the calculation domain considered. The basic condition is that, downstream the barrier, pollutant concentration must comply with the regulatory limit. To achieve this aim, once the information about the contamination type and its extension is known, a contaminated domain (D) including the initial position of the pollutant plume can be defined. The boundary of this domain is represented by the positive axes of a coordinated system, the barrier and its projections on the axes (i.e. A and F lines in Figure 1) . A non-contaminated domain (N), defined as the external part of the D domain, can be simultaneously identified. The definition of these domains and the ( )
A Heuristic Procedure to Optimize the Design of a Permeable Reactive Barrier 129 for In Situ Groundwater Remediation evaluation of pollutant concentrations inside aid identifying the minimum barrier dimensions that assure the compliance with regulatory limits in the whole space and at all time steps. In fact, when an appropriate PRB size is identified, the pollutant concentrations within the N domain must be lower or at least equal to the regulatory limits for the whole barrier lifetime. Of course, the evaluation of pollutant concentrations has to be performed outside the D domain, that is, over the A, B' and F lines. Finally, in Figure 1 , PRB properties such as distance from pollutant plume (E), orientation angle (m), length (L) and thickness (W) are reported. In particular, the orientation angle is defined as the angle between the direction of groundwater flux (u -) and the barrier direction (b -). The procedure consists of a simulation-based heuristic optimization by coupling two computer codes and using the iterative procedure schematically shown in the flow chart of Figure 2 , which allows minimizing the set of properties described earlier, that is,
subject to the following constraints:
The first code is a commercial three-dimensional model flow, PMWIN, which uses a blockcentred finite difference scheme for the saturated zone and includes a groundwater flow model, MODFLOW (McDonald and Harbaugh 1988) , and a pollutant transport model, MT3D (Zheng 1990 ). In particular, this code solves the numerical integration of equations (2-5) conditions in equation (7); specifically, the MODFLOW toolbox solves Darcy equation (4) and Laplace equation (5) solves equations (2 and 6) inside the barrier with their initial and boundary conditions. ADSORP-CODE has been structured as a flexible tool, which is able to • consider any kind of adsorption isotherms (Henry, Freundlich, Langmuir, etc.); • refine a grid in space (grid dimensions) and time (calculation time steps) to properly describe the local phenomena occurring inside the barrier. The heuristic procedure for PRB optimal design, as illustrated in Figure 2 , requires the following input data: computational grid (∆x, ∆y, ∆z), soil hydraulic conductivity (K sat ), soil porosity (n s ), initial hydraulic height (h 0 ), initial distribution of pollutant concentration [C 0 = C 0 (x, y, z)], hydrodynamic dispersion coefficient (D h ), overall mass-transfer coefficient for adsorption reactions (k c ), external specific surface of adsorbent particles (a), dry adsorbing material bulk density (ρ b ), barrier porosity (n b ) and adsorption capacity, which are obtained from adsorption isotherm models [ω = ω(C)]. To start optimizing the PRB design, the procedure requires the following barrier geometrical properties: PRB distance from pollutant plume (E), PRB orientation angle (m) and PRB length (L), height (H), thickness (W). A preliminary choice can be made by setting the minimum size of the D domain as the one that includes the pollutant plume in its initial position (Figure 1) .
Once the input data and preliminary choices are defined, the MODFLOW toolbox allows the calculation, in each grid cell, of hydraulic height (h) and groundwater velocity (u) and their evolution in the runtime. Consequently, the preliminary choice for barrier orientation angle has to be changed until groundwater velocity vector (u -) is as orthogonal as possible to the PRB direction (b -), with a defined maximum tolerance (±ε). The MT3D toolbox allows the calculation of pollutant concentrations (C) in the D domain and their evolution in time. The calculation results, and in particular, their value on the A and F lines of the boundary, are used to adjust the preliminary choices made for E, L, H and W, considering that the barrier has to be deep and long enough to intercept the whole pollutant plume during its motion under the natural hydraulic gradient.
Furthermore, ADSORP-CODE is used to calculate the downstream pollutant concentration [C W (t)] at each point of the barrier (i.e. on the B' line) and the efficacy of the barrier is evaluated by comparing these concentrations with the limit value (C lim ). The preliminary PRB thickness (W) is correct if the pollutant concentration downstream the barrier is always and everywhere lower than the limit value (C lim ); otherwise, it must be increased until it results C W (t) < C lim . The procedure has to be repeated to minimize the dimensioning set G = {E, L, H, W, m}.
Eventually, the results are graphically represented and geographically located by AMBSIT (CIRIAM, Seconda Università di Napoli), a geographic information system application specifically developed to improve contour plots of pollutant concentration.
PRB APPLICATION: A CASE STUDY
The case study refers to a large area (2.25 km 2 ) in Giugliano in Campania in the metropolitan area north of Naples (Italy), where many solid-waste landfills exist. Over the past 20 years, approximately 8 million tonnes of urban and special wastes were deposited, both legally and illegally, in these landfills.
The groundwater aquifer, located at a depth of 35-40 m from the land surface and confined by an aquitard (50 m), is contaminated by a large number of pollutants, both inorganic and organic. Soil composition (Neapolitan yellow tuff) can be approximated to a single mineral whose hydraulic conductivity is 5 × 10 −5 m/s . Since the adsorption of organic compounds by this material is very low (Erto et al. 2010) , the initial solid concentration can 132
A. Di Nardo et al./Adsorption Science & Technology Vol. 32 No. 2&3 2014 for In Situ Groundwater Remediation realistically be assumed to be zero throughout the entire flow domain (as reported in the 'Modelling Equations' section). The groundwater flow lines are East-West oriented, with piezometric heights ranging between 5 and 12.5 m above sea level, under a piezometric gradient (J) of 0.01 m/m. In Figure 3 , PCE isoconcentrations in the actual conditions are reported, together with the map of the area, the piezometric heights, the direction of flow, the position of PRB and the computational domain. Figure 3 shows that PCE concentration values change in the area with peaks more than 20 times higher than the Italian regulatory limits for groundwater quality (C lim ), set at 1.1 µg/l. Thus, a defined volume of contaminated groundwater can be identified and an in situ treatment by PRB installation can be planned.
In Table 1 , the properties of the aquifer and the numerical parameters used in the calculation are reported. The solid used for the barrier setup is a commercially available non-impregnated granular AC, AQUACARB 207EA (Sutcliffe Carbon). This material has a BET surface area (S bet ) of 950 m 2 /g and an average pore diameter (d pore ) of approximately 26 Å, dry bulk density (ρ b ) of 500 kg/m 3 , porosity (n b ) of 0.4 m 3 /m 3 and hydraulic conductivity of approximately 0.001 m/s. A thorough solid characterization is reported previously (Molino et al. 2013) . The adsorption isotherm of PCE-AQUACARB 207EA at a temperature of 10 °C, typical of groundwater, is reported in Figure 4 , while the complete experimental procedure can be found elsewhere (Erto et al. 2010 ).
The Langmuir model was reported to be the best for describing the PCE adsorption (Erto et al. 2009 ). The model equation is as follows:
In specific, the following Langmuir parameters were calculated: ω max = 913.9 mg/g and K = 19.830 l/mol. According to the heuristic procedure previously described, several iterations based on different geometrical parameters of the barrier were necessary to determine the optimal position and dimensions of the barrier. The PRB resulted to be a continuous trench penetrating the aquifer at full depth (50 m) up to the aquitard, and the resulting PRB optimal parameters were as follows: E = 6 m, m = 90°, coincident with the Northern direction, and a total length (L) = 900 m. To define the optimal W value, further simulations were carried out in the range W = 0-4 m, with a ∆W step of 0.1 m.
The iterative procedure allows minimizing the PRB thickness, W, once the minimum dimensions, H, E, m and L are determined. To allow a thorough optimization of the PRB thickness, it is possible to divide the barrier into several sections each with a different width, tuneable to the different PCE concentration reaching the barrier, as reported in the PCE contours of Figure 3 . In this study, five sections (namely S 1 , S 2 , S 3 , S 4 and S 5 ) were individuated, as in Figure 3 , whose dimensions are reported in Table 2 . Sections S 1 and S 5 are the extreme sections
A. Di Nardo et al./Adsorption Science & Technology Vol. 32 No. 2&3 of the barrier, whereas section S 3 is the most critical, that is, where the highest PCE concentration is reached during the runtime. Figure 5 reports the PCE outlet concentration over the runtime, corresponding to the most critical point of each barrier section (i.e. where the highest PCE concentration is reached, maxC in ), as a function of PRB section thickness, W, varied from 0 to 4 m. In each section, the maximum PCE inlet concentration value was considered and the outlet concentration was compared with the regulatory limit (C lim ). Table 2 reports the main results of the heuristic optimization, alias the optimal PRB thickness, W opt , and the corresponding final PRB thickness, W, by considering a reasonable safety factor (SF), obtained for each section and based on the maximum inlet PCE concentration considered, maxC in .
Results in Figure 5 and Table 2 clearly show that the sizing problem is strongly non-linear; in particular, to guarantee that PCE concentration at barrier outlet is always lower than the regulatory limit C lim , equal to 1.1 µg/l, the PRB thickness, W, must be at least 2.6 m for sections S 3 and S 4 , whereas for section S 5 a thickness of 2 m is required, and less than 2 m for both sections S 1 and 
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A. Di Nardo et al./Adsorption Science & Technology Vol. 32 No. 2&3 S 2 . However, considering an appropriate design SF equal to 1.15, a final barrier thickness for each section was assessed, as reported in Table 2 . As a final verification and once the final optimal barrier parameters of the set G were defined, the numerical simulations allow to calculate PCE concentration all over the domain as a function of runtime in the form of breakthrough curves for each section, as reported in Figure 6 .
In particular, in Figure 6 , the inlet (C in ) and outlet (C W ) PCE concentrations at the most critical point of each barrier section are reported, over the whole runtime of approximately 60 years, adopting the optimal barrier thicknesses previously defined, W opt (Table 2) . For a thorough analysis, the PCE concentration limit (C lim ) was also reported. for In Situ Groundwater Remediation The curves in Figure 6 clearly show that the PCE concentration flowing out of the barrier is always lower than the standard limit for all sections, even when the inlet PCE concentration decreases (after a runtime of approximately 20 years) and desorption of previously captured PCE may occur. Figure 6 also shows that the PRB is effective for PCE peak concentrations which become smaller when flowing through the barrier itself, and the remediation of the aquifer can be considered as complete.
As a final remark, the total barrier volume (V PRB ) obtained by the heuristic procedure for the barrier divided into sections (i.e. S-PRB) was compared with the corresponding value of a continuous PRB (C-PRB), realized for the same case study and with a constant width (i.e. 3 m, the maximum value among those obtained for the different sections), whose results were reported in a previous work . The comparison is reported in Table 3 , in which the depth (H), the partial/total length (L), the thickness (W) and partial/total volume of adsorbing material (vPRB/V PRB ) of both PRBs are indicated. It is clearly shown that the use of an S-PRB allows for the remediation of the site using approximately 20% less adsorbing material with respect to the C-PRB.
Finally, it could be easily demonstrated that a division of the S-PRB in a higher number of sections could assure a further reduction of the total barrier volume, even if, in the investigated case study, this change is not significant.
CONCLUSIONS
In this work, we reported a heuristic iterative procedure for the optimal design of an AC PRB for groundwater remediation. The procedure was applied, as a case study, to the remediation of a PCE-polluted aquifer located in an area north of Naples (Italy). After a proper site characterization and the assessment of pollutant distribution, an inexact engineering optimization technique was proposed for the definition of the PRB optimal parameters. All PRB design phases were included in the heuristic procedure, which permitted to define the optimal barrier properties (location, orientation and dimensions) allowing for complete pollutant plume capture with the minimum volume of adsorbing material.
The results showed that the proposed procedure is an effective and user-friendly tool to optimize the barrier design. The application of the barrier to the remediation of a polluted aquifer indicated that AC can be proficiently used as a barrier building material. Moreover, the simulation results showed that an S-PRB, formed by sections of different width tuned to the different values of PCE plume concentrations reaching the barrier, can assure an effective remediation of the site, for an observation time of 50 years. Finally, a comparison with a C-PRB, realized for the same case study and with a constant width (i.e. 3 m), showed that the division into five sections allowed to obtain a smaller barrier volume, with a saving approximately equal to 20%.
Notation
The following symbols are used in this paper: A Polluted area total extent, km 2 ; a Adsorbing material external surface area, m 2 m −3 ; C Liquid concentration, µg l −1 ; C * Equilibrium liquid concentration, µg l −1 ; C 0 Initial liquid concentration in batch experiments, µg l −1 ; C in Barrier inflow pollutant concentration, µg l −1 ; C lim Pollutant regulatory limit value, 
